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ABSTRACT 

Expected r i g i d  body motion of t h e  Sky lab de termines  

minimum requirements  on the a r t i f i c i a l  g r a v i t y  f i e l d  produced 

by t h e  exper imenta l  g r a v i t y  s u b s t i t u t e  workbench. I f  t h e  

a r t i f i c i a l  g r a v i t y  f i e l d  i s  g r e a t e r  than  g ' s ,  no opera- 

t i o n a l  d i f f i c u l t i e s  due t o  p r e d i c t a b l e  v e h i c l e  dynamics are 

expec ted .  

bench s u r f a c e  could  cause d i f f i c u l t i e s ,  b u t  t h e  s i g n i f i c a n c e  

o f  t h e s e  can probably best  be answered by t r y i n g  t h e  workbench 

i n  space.  

C r e w  and equipment induced v i b r a t i o n s  o f  t h e  work- 
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MEMORANDUM FOR FILE 

INTRODUCTION 

The purpose of t h i s  memorandum i s  t o  s p e c i f y  t h e  
minimum requirement  on t h e  a r t i f i c i a l  g r a v i t y  f i e l d  produced 
by t h e  g r a v i t y  s u b s t i t u t e  workbench c u r r e n t l y  inc luded  as an 
experiment  ( M 5 0 7 )  i n  t h e  S k y l a b  Program. The p h y s i c a l  r e q u i r e -  
ment i s  t h a t  an o b j e c t  p laced  on t h e  s u r f a c e  of t h e  bench w i l l  
remain t h e r e  i n  t h e  presence of  t h e  known dynamic environment.  
Inc luded  i n  t h i s  environment are planned v e h i c l e  a t t i t u d e  
maneuvers and a c c e l e r a t i o n s  due t o  TACS t h r u s t e r  f i r i n g s .  
This  environment i s  known and the e f f e c t  a t  t h e  workbench 
s u r f a c e  can be analyzed t o  s p e c i f y  minimum requi rements  on 
t h e  a r t i f i c i a l  g r a v i t y  f i e l d .  There are o t h e r  p o s s i b l e  d i s -  
t u rbances ,  such as c r e w  and equipment induced v i b r a t i o n s ,  
b u t  t h e  effects  o f  t h e s e  are d i f f i c u l t  t o  imposs ib le  t o  ana lyze ,  
and they  are only  b r i e f l y  d iscussed .  

ACCELERATION OF THE WORKBENCH SURFACE 

The l o c a t i o n  of  t h e  g r a v i t y  s u b s t i t u t e  workbench i n  
t h e  c r e w  q u a r t e r s  of t h e  Workshop i s  shown i n  F i g u r e  1. The 
a c c e s s i b l e  s i d e  of  t h e  bench i s  toward t h e  Skylab c e n t e r  of  
m a s s .  Dimensions are given i n  a c e n t r o i d a l  u,  v ,  w system 
which can,  f o r  t h e  purposes  o f  t h i s  d i s c u s s i o n ,  be cons idered  
axes o f  p r i n c i p a l  moments of i n e r t i a .  The u a x i s  i s  r o t a t e d  
from Skylab x by about  4 O ,  whach i s  t h e  p r i n c i p a l  a x i s  o f f -  
set  caused by t h e  ATM. The a c c e l e r a t i o n  of  t h e  s u r f a c e  of 
t h e  workbench (no t  n e c e s s a r i l y  of  something on i t) i s  

+ h x r  + R X R X S J ~  - k b = & g  - -wb - 

where A i s  t h e  l i n e a r  a c c e l e r a t i o n  of  t h e  Skylab c e n t e r  o f  
m a s s ,  R i s  t h e  Skylab angular  v e l o c i t y ,  h i s  i t s  angu la r  
a c c e l e r a t i o n ,  and &b i s  t h e  p o s i t i o n  vector of t h e  workbench. 
The a d d i t i o n a l  terms i n  t h e  more g e n e r a l  expres s ion  f o r  
a c c e l e r a t i o n  of a p a r t i c l e  i n  a moving r e f e r e n c e  frame 

--cg 
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i nvo lve  l i n e a r  v e l o c i t y  and a c c e l e r a t i o n  r e l a t i v e  t o  t h e  frame, 
and h e r e  t h e  workbench i s  assumed f i x e d  t o  t h e  v e h i c l e .  
of v i b r a t i o n  of t h e  s u r f a c e  would invo lve  t h e  r e l a t i v e  a c c e l e r a -  
t i o n  t e r m .  

Study 

Workbench a c c e l e r a t i o n  i n  t h e  normal d i r e c t i o n ,  Awbn 

( 4 ’  from u ) ,  w i l l  add t o  t h e  a r t i f i c i a l  g r a v i t y  f i e l d  i f  it i s  
forward (toward +u)  as a normal f o r c e  must develop t o  accelerate 
an o b j e c t  r e s t i n g  on t h e  bench wi th  t h e  bench. I f  normal 
a c c e l e r a t i o n  i s  a f t ,  i t  w i l l  s u b t r a c t  from t h e  a r t i f i c i a l  g 
f i e l d  as t h e  bench w i l l  be a c c e l e r a t i n g  away from t h e  o b j e c t .  
Transverse  a c c e l e r a t i o n  of the  bench, Awbt, w i l l  cause it t o  
s l i p  o u t  from under t h e  o b j e c t  i f  t h i s  a c c e l e r a t i o n  t i m e s  t h e  
mass of  t h e  o b j e c t  i s  g r e a t e r  t han  t h e  s t a t i c  f r i c t i o n  f o r c e  
t h a t  can develop. The maximum s t a t i c  f r i c t i o n  f o r c e  i s  t h e  
normal force, N ,  t i m e s  t h e  c o e f f i c i e n t  of  s t a t i c  f r i c t i o n ,  us. 
Thus f o r  no r e l a t i v e  l a t e r a l  motion between t h e  workbench and 
t h e  object,  

or 

%J ’ Awbt’ps 

where i s  t h e  magnitude of  t h e  a r t i f i c i a l  g r a v i t a t i o n a l  f i e l d  

p l u s  forward normal a c c e l e r a t i o n  of t h e  workbench. 

ROTATIONAL MANEUVERS 

A t y p i c a l  a t t i t u d e  maneuver f o r  Skylab i s  a c o n s t a n t  
ra te  r o t a t i o n  from t h e  solar i n e r t i a l  a t t i t u d e  t o  t h e  l o c a l  
v e r t i c a l  a t t i t u d e  f o r  e a r t h  r e sources  exper imenta t ion ,  and a 
t y p i c a l  c o n s t a n t  angular  v e l o c i t y  v e c t o r  expressed  i n  t h e  
u ,  v ,  w system i s  



BELLCOMM. I N C  - 3 -  

Noting from Figure  1 t h a t  t h e  p o s i t i o n  v e c t o r  of t h e  Workbench i s  

t h e  a c c e l e r a t i o n  i s  found from t h e  l a s t  t e r m  of (1) 

A f t e r  a l i t t l e  t r igonomet r i c  manipula t ion ,  w e  f i n d  t h a t  the 
a c c e l e r a t i o n  of t h e  workbench norma l  t o  i t s  s u r f a c e ,  about  
2 x g ,  i s  almost t w i c e  t h e  t a n g e n t i a l  a c c e l e r a t i o n .  The 
c o e f f i c i e n t  of s t a t i c  f r i c t i o n  between the o b j e c t  and t h e  bench 
would have t o  be less than  .5 fo r  t h e  o b j e c t  t o  slide o f f  t h e  
bench even i f  t h e  bench produced no a r t i f i c i a l  g f i e l d .  A s  
t h e  a r t i f i c i a l l y  induced f i e l d  i s  expec ted  t o  be magnitudes 
l a r g e r  t han  g ,  p r a c t i c a l l y  no f r i c t i o n  i s  r e q u i r e d  t o  keep 
t h e  object f r o m  s l i d i n g .  
n o t  a problem. 

The c o n s t a n t  rate r o t a t i o n  i s  s imply 

TACS THRUSTER FIRING 

Because t h e  angular  v e l o c i t y  induced by a TACS t h r u s t e r  
f i r i n g  a )  h e l p s  keep o b j e c t s  on t h e  workbench, b )  i s  almost 
i n s i g n i f i c a n t ,  t h e  a c c e l e r a t i o n  of  t h e  bench due t o  a f i r i n g  
i s  c a l c u l a t e d  wi thout  cons ide r ing  t h e  l a s t  t e r m  of (1). The 
r e s u l t  is  e q u i v a l e n t  t o  t h e  in s t an taneous  a c c e l e r a t i o n  wi th  
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t h e  v e h i c l e  i n i t i a l l y  a t  rest. When t h e  f o r c e  F i s  suddenly 
a p p l i e d  by o p e r a t i o n  of TACS t h r u s t e r ,  Skylab w T l l  accelerate 
bo th  l i n e a r l y  and angu la r ly .  Newton's l a w  g i v e s  us  

E u l e r ' s  equa t ions  i n  p r i n c i p a l  coord ina te s  are uncoupled due 
t o  t h e  absence-of  angu la r  v e l o c i t y  components, and thus  t h e  
components of - R are 

d i  = T i / I i  

where Ti are t h e  components of 

T = r  x F  -F - - 

The TACS t h r u s t e r  shown i n  Figure 1 w i t h  p o s i t i o n  v e c t o r  

w i l l  produce t h e  maximum a c c e l e r a t i o n  a t  t h e  beginning of t h e  
miss ion  when t h e  TACS i s  f u l l y  p r e s s u r i z e d .  A t  t h a t  t i m e  
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The r equ i r ed  mass p r o p e r t i e s  are 

M = 5600 s l u g s  

6 2 = 0.66 x 1 0  s l u g  f t  
I U  

I V  W 
6 2 = I = 4 . 2  x 1 0  s l u g  f t  

Using t h e  above formulas t o  eva lua te  t h e  f i r s t  t w o  terms of ( 1 1 ,  
w e  f i n d  t h a t  t h e  ins tan taneous  workbench a c c e l e r a t i o n  i s  

- 3  The a c c e l e r a t i o n  i s  pure ly  t a n g e n t i a l ,  so  Awbt = 2 x 1 0  g ' s .  

C o e f f i c i e n t s  of s t a t i c  f r i c t i o n  f o r  t y p i c a l  p l a s t i c  and metal 
t o  m e t a l  i n t e r f a c e s  range from 0 . 4  t o  1. Therefore ,  from ( 2 ) ,  

f o r  no s l i d i n g  t o  occur  between t h e  bench and m e t a l  o r  p l a s t i c  
o b j e c t s  r e s t i n g  on it. 

I f  i s  less than t h e  above va lue  (f  ( u s ) ) ,  t h e  o b j e c t  

w i l l  s l i d e  on t h e  workbench when t h e  TACS t h r u s t e r  shown i n  
F igure  1 i s  f i red- -but  no t  very f a r .  Under normal c i rcumstances,  
t h e  t h r u s t e r s  w i l l  be operated only i n  a minimum impulse mode, 
and t h e  minimum impulse is  s e t  a t  4 l b  sec. When t h e  t h r u s t  of  
a TACS t h r u s t e r  i s  1 0 0  l b s ,  t h e  f i r i n g  t i m e  is  thus  . 0 4  sec. 
The maximum p o s s i b l e  s l i p  i s  then  
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-5 d = 1 / 2  Awbt t2 = 5 x 10 f e e t  , 

t h e  a c t u a l  s l i p  w i l l  be less  a s  s l i d i n g  f r i c t i o n  w i l l  accelerate 
t h e  o b j e c t ,  b u t  a t  a lesser rate than  t h e  workbench. 

A s  t h e  miss ion  p rogres ses ,  t h e  system p r e s s u r e  and 
t h e r e f o r e  t h e  t h r u s t  o f  a TACS t h r u s t e r  d e c r e a s e s ,  b u t  t h e  
minimum impulse remains cons t an t .  The maximum s l i p  d i s t a n c e  

i n c r e a s e s  and would reach  5 x feet  when t h e  t h r u s t  i s  
1 0  pounds. The a r t i f i c i a l  g f i e l d  would have t o  be t e n  t i m e s  
weaker f o r  s l i p  t o  occur ,  however. 

TORQUEING BY C M G ' s  

The ATM Con t ro l  Moment Gyros can apply  an average  
t o r q u e  f o r  a p e r i o d  close t o  a minute t h a t  i s  comparable i n  
magnitude t o  t h e  t o r q u e  app l i ed  by a 10 lb TACS t h r u s t e r .  The 
maximum average t o r q u e  f o r  a 1 2 0 0 0  f t  l b  sec change i n  angu la r  
momentum is  approximately 270 ft lb. I f  a p p l i e d  about  t h e  w 
a x i s  

and 

The average a c c e l e r a t i o n  of t h e  workbench i s  t h e n  

%b - - c:.) x f t / s e c 2  = {6:5} x g's.  
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An object could s l i p  of f  t h e  workbench (1 f o o t  i n  30 seconds)  
i f  t h e  a r t i f i c i a l  g f i e l d  

- 4  < (6 .5  x - 1 . 6  x 1 0  ) g ' s ,  

b u t  p r e d i c t i o n s  of t h e  a r t i f i c i a l  g r a v i t y  f i e l d  f o r  bo th  t h e  
aerodynamic and e l e c t r o s t a t i c  workbenches a r e  above g ' s. 

CONCLUSIONS 

Rigid body v e h i c l e  a c c e l e r a t i o n s  analyzed here w i l l  
n o t  cause  d i f f i c u l t y  i n  t h e  o p e r a t i o n  of t h e  exper imenta l  g r a v i t y  
s u b s t i t u t e  workbench i f  t h e  a r t i f i c i a l  g r a v i t y  f i e l d  i s  g r e a t e r  
t h a n  Although a minimum-impulse TACS t h r u s t e r  f i r i n g  
might cause an o b j e c t  t o  s l i d e  r e l a t i v e  t o  t h e  bench, t h e  s l i p  
d i s t a n c e  i s  t o o  sma l l  t o  not ice .  Rigid body v e h i c l e  a c c e l e r a t i o n s  
induced by c r e w  mot ion  a r e ,  a t  w o r s t ,  two o r d e r s  of magnitude less 
t h a n  t h o s e  induced by a TACS t h r u s t e r  f i r i n g ,  o r  a t h i r d  t h o s e  
induced by CMG to rqu ing ,  and a r e  n o t  a problem. 

g ' s . 

There a r e  p o s s i b l e  v i b r a t i o n  e f f e c t s  t h a t  could cause 
d i f f i c u l t y ,  b u t  a r e  no t  s u b j e c t s  of easy  ana lyses .  Forced t r a n s -  
v e r s e  v i b r a t i o n  of t h e  workbench s u r f a c e  due t o  l o c a l  e x c i t a t i o n  
by t h e  o p e r a t i n g  crewman might cause objects t o  hop about  on t h e  
s u r f a c e ,  n o t  u n l i k e  s k i p  of a f i n e l y  balanced tone a r m  of  a 
v i c t r o l a  due t o  people  walking i n  i t s  v i c i n i t y .  I n  t h e  aero-  
dynamic bench, o s c i l l a t i o n s  induced by t h e  f a n  and motor, o r  
f l u t t e r  of t h e  w i r e  screen i n  t h e  high-speed a i r  stream might 
cause  d i f f i c u l t i e s .  The s i g n i f i c a n c e  of these p o s s i b l e  v i b r a t i o n  
e f f e c t s  can probably b e s t  be answered by t r y i n g  t h e  workbench i n  
space .  

1022-WWH-jf 
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